Injection molding is an important mass production tool in optical industry. In this research our aim is to develop a process of combining ultraprecision diamond turning and injection molding to create a unique low cost manufacturing process for progressive addition lenses or PALs. In industry, it is a well-known fact that refractive index variation and geometric deformation of injection molded lenses due to polymers' rheological properties will distort their optical performances. To address this problem, we developed a method of determining the optical aberrations of the injection molded PALs. This method involves reconstructing the wavefront pattern in the presence of uneven refractive index distribution and surface warpage using a finite element method. In addition to numerical modeling, a measurement system based on a ShackHartmann wavefront sensor was used to verify the modeling results. The measured spherocylindrical powers and aberrations of the PALs were in good agreement with the model. Consequently, the optical aberrations of injection molded PALs were successfully predicted by 2 finite element modeling. In summary, it was demonstrated in this study that numerical based optimization for PALs manufacturing is feasible.
Introduction
Progressive addition lenses (PALs) have been widely accepted for the compensation of presbyopia (i.e. the decline in ocular accommodation with age) over the past 60 years. Compared with conventional bifocal lenses, PALs provide users a continuous change in spherical optical power through different regions of the lenses. PALs are typically manufactured using casting process. In this process, a monomer is injected into the mold cavity, and then either an initiator is injected, or ultraviolet (UV) exposure is turned on to cure the monomer. However, manufacturing cost for the traditional methods is high due to limited production rate. Therefore, in recently years, new affordable molding techniques have been proposed to produce PALs, such as, glass molding [1] and plastic injection molding [2, 3] .
Injection molding process is ideal for high-volume production, and can work with a wide range of materials including optical grade polymer materials. However injection molded optical components have several major issues. These issues include, for example, large geometric shrinkage, refractive index variation and birefringence. Hence, it is of great interest to utilize numerical modeling to investigate and predict the manufacturing process. Kim and Turng used a finite element method (FEM) to model the filling phase of the injection molding process for an optical lens and verified the filling pattern experimentally [4] . Park and Joo applied FEM analysis results of an injection molded lens to a ray tracing simulation [5] and concluded that inhomogeneous distribution of refractive index could occur if molding conditions were not carefully controlled. Besides the simulations for refractive index distribution, Huang [6] and Yang et al. [7] discussed the refractive index variation of injection molded precision optical lenses using different experiments. 4 Based on the aforementioned research, geometric deformation induced by cooling shrinkage can be minimized in the production of precision optics. In addition, uniform refractive index distribution also plays a crucial role in high quality optical elements. Therefore, in this study we focus on modeling of the injection molding process, including how refractive index variation and geometric deformation are related to wavefront measurements of the molded PALs. Using this approach, the deviation between the design and actual measured optical properties of PALs can be analyzed, predicted and ultimately controlled.
In addition to modeling of wavefront pattern of PALs, comprehensive methods for evaluating and measuring their optical properties have been developed. Castellini et al. modified the Hartmann test to accurately measure the prismatic deviation and spherical power of PALs [8] .
Villegas and Artal set up a Shack-Hartmann wavefront sensor system to perform spatially revolved aberration measurement of PALs either isolated or in combination with the eye [9] .
Huang compared the wavefront sensing method with a moiré interferometer-based method and a coordinate measuring machine (CMM) method, and discovered that those three methods were comparable for measuring optical powers of PALs [10] . This research utilized a custom optical measurement system based on a Shack-Hartmann wavefront sensor to evaluate second order wavefront aberrations of injection molded PALs, to verify FEM simulated results.
The main objectives of this paper are organized as follows: firstly, perform numerical modeling of the injection molding process to calculate the refractive index variation and geometric deformation. Secondly, fabricate the mold inserts using ultraprecision diamond machining.
Thirdly, fabricate PALs by precision injection molding. Finally, measure the wavefront 5 aberrations of the molded PALs using a custom optical setup. In addition, simulations and measurements of the optical properties of the PALs will be discussed.
Simulation of Optical Aberrations

PAL design
The front convex surface of the PAL in this research is a spherical shape, and its geometry can be described by the radially symmetric second order Zernike term The back concave surface is a freeform surface described by Zernike polynomials 
Injection molding simulation
After the geometric model was constructed, a true 3D model was generated using HyperMesh The entire lens model was divided into 12 surface layers of prism elements, and each element layer could be considered as a lens surface. In addition to the lens itself, the mold base and cooling pipes were also included in the model to ensure accuracy but were omitted from Figure 2 for clarity. 
8 where V is specific volume in cm 2 , P is pressure in dyne/cm 2 , T is temperature in kelvin, and the remaining parameters are constants listed in the left half part of Table 1 . The modified Cross WLF model describes the viscosity behavior of this PMMA as the following equations,
where  is viscosity in g/cm· s,  is shear rate in dyne/cm 2 , and the remaining parameters are shown in the right half of Table 1 . These material properties were directly taken from the Moldex3D database. Additionally, Table 2 also summarizes the values of the molding condition used in this work. Table 2 . Injection molding condition.
Molding parameters Values
Melt temperature (º C) 250
Mold temperature (º C) 75
Injection velocity (mm/s) 200
Maximum injection pressure (MPa) 100
Velocity/pressure switch (vol %) 90
Packing pressure (MPa) 80
Packing time (s) 6 Cooling time (s) 25
Coolant temperature (º C) 65
As mentioned previously, the computed geometric deformation and refractive index distribution were exported from the FEM calculation for later discussion. The geometric deformation primarily has an impact on optical refraction, so the nodes' positions on the top and bottom surface meshes were extracted for numerical analysis of its optical aberration in next section.
Furthermore, uneven cooling as well as the polymer's rheological properties could result in an unevenly distributed density that consequently causes variation in refractive index [7] . Therefore refractive index information at each node was also collected for optical aberration analysis. It should be noted here that birefringence is defined as a variation in refractive index with polarization angle at any point inside the lens. Refractive index in this study is considered to be a scalar, which can vary with lens location.
Optical aberration calculation
The refractive index variation on the xy plane was calculated by averaging refractive index values of all nodes along one line in the thickness direction of the PAL, or
where n i is the averaged refractive index value along the Number i line in the thickness direction, n(i, j) is the refractive index of the j th node on the Number i line or Node(i, j), N is the number of the nodes on the Number i line. Figure 2 illustrates the numbering map. Hence, the refractive index variation could be obtained by
where N A is the number of the lines along the thickness direction in the mesh model.
As for the surface warpage, in this study it was defined as the geometric deformation in lens thickness. For example, the thickness between top and bottom surface along the Number i line was calculated using the following equation, ,
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where z'(i, 1) and z'(i, N) are z coordinate positions of Node (i, j) on the fitted bottom deformed surface and Node (i,N) on the fitted top deformed surfaces, respectively. Therefore, the optical path difference (OPD) when both inhomogeneous refractive index and geometric deformation were considered could be calculated by, ,
where n 0 is the nominal refractive index of the selected PMMA, which is 1.49, t 0 is the center thickness of the PAL, which is 2.285 mm in this study. 
where, is transformed Zernike coefficient vector, TZ and ZT(x,y) are Taylor-to-Zernike and Zernike-to-Taylor transformation matrices respectively, rs j is a column vector of size rescaling terms, and '.*' represents element-by-element multiplication. The detailed explanation of this method for calculating transformed Zernike coefficients can be found in [11] . In this way, the spherocylindrical power with this subaperture could be obtained according to the second order Zernike polynomial coefficients:
where M, J 0 , J 45 , in units of diopters, are spherical defocus, orthogonal astigmatism and oblique astigmatism, respectively [12] . In Equations 15~17, these second order Zernike coefficients 
Fabrications and Measurements
Mold machining and PAL injection molding
For the mold fabrication process, the mold insert with the convex freeform surface was machined on the Freeform Generator 350 (Moore Nanotechnology, Inc., Keene, New Hampshire) using ultraprecision diamond slow tool servo to optical quality. More information of the slow tool servo technique can be found elsewhere [13] . In this study, a diamond tool with a controlled radius 2.6055 mm was utilized. The tool path trajectory was compensated offline by the tool radius. On the finishing machining path for the convex freeform optical surface, the cutting depth was 5 m and the feedrate was 20 mm/min. 6061 aluminum alloy was used as the material of the mold inserts. Figure 3 shows the finished aluminum mold inserts for the PAL. The surface roughness of the convex surface was approximately 10 nm measured using the Wyko NT9100 optical profilometer. The concave spherical mold surface was machined by conventional 13 ultraprecision diamond turning and its surface roughness was measured to be about 8 nm. No post-polishing was performed on the inserts. The Shack-Hartmann sensor consists of a microlens array and a CCD camera. A 3.5 mm virtual stop is placed at the microlens array, and since it is conjugate with the lens plane at unit magnification, represents a 3.5 mm eye pupil viewing through that lens position. Each microlens is 0.36 mm on a side, and with a 3.5 mm diameter pupil, approximately 70 lenslet spot images are contained in the camera image. When a wavefront enters the sensor, it is partitioned by the microlens array. The local tilt of the wavefront within each subaperture causes a displacement of the focal spot from the reference central position. Thus, these deviations can be assembled to reconstruct the wavefront variation [14] . Wavefront aberration arises from the freeform nature of the PAL, the non-uniform refractive index distribution, and geometric deformation of the lens surfaces.
Optical measurements
Results and Discussion
As discussed in Section 2, the rheological phenomenon and uneven cooling lead to the refractive index variation of the injection molded PAL. The FEM results show that the refractive index on one surface layer varies in the scale of 10 -4 , whereas the variation scale among the multiple surface layers along the thickness direction is 10 -3 . Figure 6 illustrates the refractive index variation of the molded PAL calculated by Equation 11 . The location of the injection gate is at the bottom of this picture. Although the upper limit of the injection pressure was set as 100 MPa, the actual maximum injection pressure was about 80 MPa indicated by the FEM simulation which was almost equal to the packing pressure. This is an effective packing with high packing pressure and long packing time. Thus, compared with previous studies [5, 7] , the distribution variation is relatively small with a maximum deviation of 6×10 -4 . In addition to the small deviation, because higher packing pressure occurs closer to the injection gate, the general trend of the distribution decreases along the flow direction.
Despite of the dominant effects by the sufficient packing, the uneven cooling may outweigh the packing effects. For example, the material at the region farther away from the center in the radial direction cools and shrinks faster than the central region. This causes denser material formation resulting in a higher refractive index. More specifically, as an example, some region at the top may have higher refractive index than the lower part although the top region is farther away from the injection gate. Additionally, since a thinner area cools faster than a thicker area, this analysis can also apply to the thinner top region when compared with the thicker bottom. In Figure 6 , the index variation is similar to the freeform geometry pattern illustrated in Figure 1 , which suggests that regional thickness discrepancies may be more important than radial position differences for refractive index variation in terms of thermal transportation. So, with all of these effects combined, the highest refractive index happens at the bottom half of the PAL surrounded by an ox-horn-shaped transition region from the bottom to the top. Geometric deformation is another important factor that influences the PAL's optical performance.
As defined before, the geometric deformation is the thickness deviation between the design and the molded parts. The simulated thickness for the molded lens between the top and bottom surfaces can be calculated by Equation 12 . If similar derivations are applied to the original design, the thickness deviation is the discrepancy between the design and simulation. Figure 7 shows the simulated thickness deviation between the design and the molded PAL. As seen in this figure, the thicker bottom part of the PAL has more shrinkage in thickness, although it is closer to the injection gate or the highest packing pressure location. Consistent with the analysis above, the larger shrinkage at the thicker region may also result in higher refractive index. In this situation, the regional thickness difference largely contributes to the thickness change of the molded PAL. shows that the magnitude of the simulation is smaller than the design. In addition the optical aberration patterns were also slightly changed when the injection molding process was taken into consideration. For instance, as the simulated spherical power in Figure 8 (b), a round corner appears at the left side of the bottom red area in contrast to the flat slope at the transition area between red and yellow region in Figure 8 (a). There is a falling tip pattern on the right side of the blue area though smooth progression in design. Additionally, as can be observed in Figure   9 (b), the top area in the red zone is larger than the blue area at the bottom while the overall pattern is rotational symmetric in the original design as shown in Figure 9 
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There are many other possible reasons that can potentially affect the accuracy of the evaluation process. For example, in ophthalmic applications, the distance between the lens and the entrance pupil of the eye is typically about 15 mm. The wavefront will, in general, change shape as it travels that distance. However, in this instance, curvatures are not high enough for this difference to be clinically meaningful. In addition, meshing strategies, materials models and boundary conditions also have an influence on the final simulated results. Furthermore, in the optical measurement apparatus, the PAL was rotated around an ocular center of rotation 27 mm behind the lens to select each measurement area. This was done to imitate a rotating eye as it views through different locations on the lens. Nevertheless, large oblique incidence will affect wavefront shape, which is not yet accounted for in this modeling. Finally, precision of centering and positioning the PAL could be improved.
In this research, the goal was to search for a preferred injection molding condition for the PALs.
Specifically, packing pressure, packing time, and injection time, were investigated. Two levels of each parameter were investigated, as listed in Table 3 The first conclusion can be explained by the fact that packing times were adequate to offset shrinkage. Furthermore, the higher packing pressure reduced the absolute amount of thickness deformation. However, deformation patterns plotted in the same way as Figure 7 were still quite similar between the two packing pressures. From the test conditions, the No. 2 process was adopted for future production of PALs because of its shorter cycle time, less power required, more uniform refractive index distribution and less geometric deformation.
Conclusions
Transparent polymers are of considerable significance in today's optical industry for their intrinsic advantages in mass production over traditional glass materials. This research presents a new approach to fabricate PALs using the combination of ultraprecision diamond turning and precision injection molding. This approach has wide industrialization potential due to its affordability. Also, it is demonstrated that the modeling of the injection molded PALs can be 22 used to successfully predict their optical aberrations. The numerical modeling can also be utilized to optimize manufacturing processes.
Results of refractive index variation and geometric deformation of the injection molded PALs from finite element modeling were used to calculate properties of the wavefront refracted through the lens. Furthermore, we identified an optimal manufacturing process condition from the range of conditions explored here. We varied the packing pressure, packing time and injection time. One molding condition was selected for reduced cycle time, economic power requirement, uniform refractive index distribution and accurate geometry replication. hybrid glass-polymers, to improve optical quality [15, 16] .
